Abstract-It has been demonstrated theoretically and experimentally that germanium, with proper strain engineering and ntype doping, can be an efficient light emitter and a gain medium at its direct bandgap within the third optical communication window (∼1520-1620 nm). In this paper, we systematically discuss the effect of strain, doping, and temperature on the direct-gap optical gain in germanium. For electrically pumped devices, properties and design guidelines of Ge/Si heterojunction are also analyzed and compared with the results from fabricated Ge/Si heterojunction LEDs.
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I. INTRODUCTION
S ILICON-BASED optical communication and integrated optoelectronics calls for high-volume integration of laser sources at a low cost. So far, lasers on Si still rely on III-V materials either grown on or bonded to Si [1] , [2] . However, considering a high-volume application, neither of these approaches will be able to supply the necessary technology for on-chip singlewavelength or wavelength-division multiplexing (WDM) laser sources. The issues are reliability, throughput, and yield. Epitaxial III-V lasers on Si still suffer limited lifetime and they involve elaborate growths of thick buffer layers, while III-V wafer bonding on Si cannot be achieved at a wafer level for industrial applications due to the size mismatch between Si and III-V substrates. As more and more wavelengths are required on-chip for WDM applications, bonding of laser chiplets becomes unfeasible. Furthermore, III-V lasers show yields that are significantly lower than required for Si CMOS processes. Therefore, a materials system that allows large-scale processing on a CMOS platform with the required emission bandwidth for WDM is crucial for the success of electronic-photonic integration on Si.
In 2007, Liu et al. theoretically demonstrated that, with proper band structure engineering using in-plain tensile stress and ntype doping, germanium can be used for efficient light emission and optical gain can be achieved at its direct bandgap energy near 0.8 eV (1550 nm) [3] . Since then, there has been an increasing interest in germanium light emission research. The ntype doping-induced enhancement in room-temperature directgap photoluminescence from germanium has been observed and studied [4] - [6] . Onset of net gain from germanium at its directgap energy has also been demonstrated using pump-probe measurements [7] . A Ge/Si heterojunction LED has been fabricated and room-temperature direct-gap electroluminescence (EL) has been observed [8] . Enhanced photoluminescence has also been observed from germanium ring resonators [9] . All these results indicate that it is possible to achieve monolithically integrated Ge lasers on Si using CMOS processes for high-volume applications. In this paper, we systematically discuss the effects of strain, doping, and temperature on the direct-gap optical gain in germanium and present design rules for Ge light emitters based on the direct bandgap transition. Germanium is normally recognized as a poor light-emitting material due to its indirect band structure. The radiative recombination through the indirect band-to-band optical transition is slow as a result of a phonon-assisted process. The indirect radiative recombination is generally inefficient since most of the injected carriers recombine nonradiatively unless the nonradiative recombination is suppressed at cryogenic temperature. The direct band-to-band optical transition in germanium, on the other hand, is a very fast process with a radiative recombination rate five orders of magnitude higher than that of the indirect transition [10] ; thus, the direct-gap light emission of germanium is, in principle, as efficient as that of direct-gap III-V materials. The challenge is that the number of the injected electrons for the direct optical transition is deficient because most of the injected electrons occupy the low-energy indirect L valleys. Fortunately, germanium is a pseudodirect bandgap material because of the small energy difference (0.136 eV) between its direct bandgap and indirect bandgap. As mentioned before, it has been shown theoretically and experimentally that strained n + Ge can be an efficient light emitter and a gain medium at its direct-gap wavelength near 1600 nm. In the next two sections, we follow the work in [3] and discuss in more detail the characteristics of the direct-gap optical gain in germanium. In Section IV, some properties and design guidelines of Ge/Si heterojunction light emitters are discussed.
II. DIRECT BANDGAP GERMANIUM
Band structure is correlated with the crystal lattice that can be altered by strain. Tensile strain makes germanium more direct Fig. 1 . Energy gaps of germanium under in-plane strain. E gΓ h h and E gΓ lh are energy gaps between the direct Γ valley and the heavy-hole band and the light-hole band, respectively. E gL h h and E gL lh are energy gaps between the indirect L valley and the heavy-hole band and the light-hole band, respectively. bandgap like because it shrinks the direct bandgap more than the indirect bandgap of germanium as a result of the difference in deformation potentials of the direct Γ valley and the indirect L valleys. The direct and indirect energy gaps of germanium as a function of in-plane strain is plotted in Fig. 1 . Four energy gaps are shown in the figure because tensile strain separates the degenerate light-hole band and heave-hole band in germanium. E gΓhh and E gΓlh are energy gaps between the direct Γ valley and the heavy-hole band and the light-hole band, respectively. E gLhh and E gLlh are energy gaps between the indirect L valley and the heavy-hole band and the light-hole band, respectively. The deformation potential data used in this calculation are adopted from [11] and [12] . Fig. 1 shows that germanium becomes a complete direct bandgap material at a tensile strain of 1.8% (marked by a vertical dashed black line) and above. The large lattice mismatch between germanium and some III-V materials such as In x Ga 1−x As has been used to achieve high tensile strain in germanium [13] , though further improvement of the optical properties is needed to achieve efficient light emission. In addition, the thickness of a pseudomorphic epitaxial film is limited by the critical thickness, which is too thin for useful devices in many applications. Instead, thermal expansion mismatch between germanium and silicon substrate has been successfully used to introduce tensile strain in germanium due to the large difference in the thermal expansion coefficient between germanium and silicon [14] - [17] . Thermally accumulated tensile strain is not limited by critical thickness, and more than 2-µm-thick tensilestrained epitaxial germanium films have been grown as an active medium in photodetectors with improved performance in the telecommunication wavelength bands [18] , [19] . By using this approach, 0.25% tensile strain (marked with vertical dashed green line) has been achieved in epitaxial germanium films with a low threading dislocation density of 2 × 10 7 cm −2 [20] . The strain is taken into consideration in the modeling work in the next section. Too much strain-induced bandgap shrinkage can lead to a practical disadvantage in terms of emission wavelength. Tensile strain of 1.8% shrinks the bandgap (both the direct bandgap and the indirect bandgap) of germanium to 0.53 eV, thus shifting the light emission wavelength to beyond 2300 nm, far away from the telecommunication standard wavelength bands near 1550 nm at which many existing discrete or integrated photonic devices are designed to work. On the other hand, a moderate tensile strain of 0.25% only shrinks the direct bandgap from 0.8 eV (1550 nm) to 0.76 eV (1630 nm), which can cover both C and L bands (1528-1620 nm) in terms of light emission depending on the injection level, as will be explained later.
With less tensile strain, germanium does not completely become a direct bandgap material. Therefore, additional effects are needed for efficient direct-gap light emission. Doping germanium with n-type impurities is a way to solve this problem. At equilibrium, extrinsic electrons thermally activated from donor levels occupy the lowest energy states in the indirect L valleys. The calculated equilibrium Fermi level as a function of active ntype doping concentration in 0.25% tensile-strained germanium is shown in Fig. 2 . Fermi statistics is used in the calculation to accurately describe the heavily doped, degenerate material. It can be seen that the Fermi level raises to the minimum of the direct Γ valley at a doping concentration of 7 × 10 19 cm
at room temperature, i.e., nearly all energy states below the Γ valley in the indirect L valleys are occupied with equilibrium extrinsic electrons. This indirect valley state filling effect makes germanium an effective direct bandgap material since it forces the injected electrons to occupy higher energy states in both the direct Γ valley and the indirect L valleys under carrier injection.
Since the radiative recombination rate of the direct transition in Ge is four to five orders of magnitude higher than that of the indirect transitions, the injected electrons in the Γ valley are depleted much faster than those in the L valleys. In order to maintain the quasi-equilibrium of electrons in the conduction band, the electrons in the L valleys populate the Γ valley following intervalley scattering. This process results in further radiative recombination via efficient direct transitions. Therefore, the portion of the injected electrons in the direct Γ valley, which contributes the direct radiative recombination, is significantly increased.
The band structure and the carrier occupation of germanium with 0.25% tensile strain and 7 × 10 19 cm −3 n-type doping concentration under carrier injection are schematically shown in Fig. 3 . The occupation of the injection electrons in the direct Γ valley benefits from both the strain-induced bandgap shrinkage and doping-induced indirect L valleys states filling by extrinsic electrons. Most of the injected carriers in the direct Γ valley contribute to the direct-gap light emission due to the fast direct band-to-band transition rate, while the injected carriers in the indirect L valleys recombine nonradiatively. The effect of n-type doping on the enhancement in direct-gap spontaneous emission has been clearly shown in photoluminescence studies [4] - [6] .
III. DIRECT-GAP GAIN IN GERMANIUM
While it is easy to understand the positive impact of tensile strain and n-type doping on direct-gap light emission as a result of the increased occupation of injected electrons in the direct Γ valley, the effect of doping on net gain in germanium is not a trivial conclusion because high concentration of extrinsic carriers also introduce optical loss from free carrier absorption. Therefore, the net effect is determined by the competition between the optical gain enhancement from indirect valley states filling and the optical loss from additional free carrier absorption. In our previous modeling work [3] , it has been shown that n-type doping is favorable in achieving net gain and laser action. This conclusion can be understood by the following analysis. If intrinsic germanium is used for lasing in order to achieve the necessary population inversion of the direct Γ valley electrons, a very high injection level is required to pump electrons to both the direct Γ valley and the lower energy indirect L valleys. In the mean time, an equal number of holes are also injected into the material. The occurrence of net gain depends whether the optical gain at this certain population inversion level can overcome the optical loss from free carrier absorption contributed by both the injected electrons and holes. However, if n-type doped germanium is used instead, since the energy states (below the Fig. 4 . Comparison of the calculated optical gain spectra of germanium at room temperature near the direct bandgap, using all combinations of tensile strain and n-type doping. The injected excess carrier density (∆n) is 8 × 10 18 cm −3 . minimum energy of the direct Γ valley) in the indirect L valleys are already filled by extrinsic electrons, a much lower injected carrier density is needed to achieve the same population inversion level. This advantage leads to much less injected holes, and subsequently, less total free carrier absorption. Furthermore, it has been shown that free hole absorption is about four to six times larger (in the 10 19 cm −3 carrier concentration range) than the free electron absorption near the direct bandgap energy of germanium [21] , [22] . Therefore, the free carrier absorption is reduced by more than 80% by using n + germanium instead of intrinsic germanium. With a significant reduction in optical loss, net gain is much easier to achieve in doped germanium than in intrinsic germanium, although compared to intrinsic direct bandgap materials like GaAs, a relatively lower net gain is expected because of free carrier absorption from extrinsic electrons.
The effect of tensile strain and n-type doping on the enhancement of optical gain in germanium at room temperature is shown in Fig. 4 . The calculation of optical gain is based on the direct band-to-band transition model including optical absorption data measured from our germanium materials. More details on the modeling can be found in our previous work [3] . The shoulders at 0.76 eV for strained germanium represent the optical transition between the separated light-hole band and the direct Γ valley. It can be seen that the optical gain of 7 × 10 19 cm
doped germanium is over two orders of magnitude larger than that of intrinsic germanium at any photon energy for both the unstrained and strained cases. A moderate tensile strain of 0.25% does not enhance the optical gain by orders of magnitude since the strain level (0.25%) is relatively low compared to the level that leads to direct bandgap germanium (1.8%). Nevertheless, it does increase the optical gain by a factor of 2 and broadens the optical gain spectrum by shifting the optical gain cutoff to lower photon energies (or longer wavelengths), thus resulting in a peak optical gain at about 0.8 eV (1550 nm), which is desirable for many applications. All the optical gain spectra are Fig. 5 . Comparison of the calculated net gain versus injected excess carrier density ∆n in germanium at their peak gain photon energies, using all combinations of tensile strain and n-type doping.
calculated at an 8 × 10 18 cm −3 injected carrier density (∆n). At 0.8 eV (1550 nm), tensile-strained n + germanium exhibits a peak optical gain of about 1000 cm −1 , which is comparable to direct bandgap material.
As we discussed before, free carrier absorption introduces optical loss that needs to be taken into account to calculate net gain in materials. The calculated net gain, which is the difference between the optical gain and the free carrier absorption, is shown in Fig. 5 for strained and unstrained differently doped germanium. Because the bandgap differs for strained and unstrained germanium in order to compare the optical gain for each case, we choose a photon energy at which the optical gain peaks for a 1 × 10 19 cm −3 injected carrier density. It can be clearly seen that the overall effect of n-type doping is beneficial for achieving net gain in germanium. In n-type germanium, net gain can be obtained at injected carrier densities above 10 18 cm −3 even without tensile strain. Net gain from doped germanium is increased from less than 100 cm −1 to more than 500 cm −1 by introducing 0.25% tensile strain. At very high injected carrier densities above 10 20 cm −3 , net loss occurs because optical gain starts to saturate as a result of complete population inversion and failure to overcome the increasing free carrier absorption. Without n-type doping, the significantly reduced optical gain is not able to overcome the free carrier absorption at any injected excess carrier density, which explains why researchers have never observed net gain from bulk germanium. By using the tensile strain and n-type doping, the onset of net gain has been observed and reported very recently [7] .
The calculated net gain spectra of 0.25% tensile-strained, 7 × 10 19 cm −3 n-type doped Ge at room temperature for different injected carrier densities are shown in Fig. 6 . It can be seen that as high as 400 cm −1 net gain can be achieved with a relatively low injected carrier density of 2 × 10 18 cm −3 , while more than 1000 cm −1 net gain is feasible with higher injection levels. The net gain spectrum extends over more than 100 nm for all but the lowest injection level. Increased strain will shift the gain spectrum toward longer wavelengths. The shoulder that was observed for longer wavelengths in Fig. 4 disappears because the optical gain from the recombination between the light-hole band and the direct Γ valley is not large enough to overcome the free carrier absorption loss. Therefore, net gain can only occur from the energy gap between the heave-hole band and the direct Γ valley. At this transition, optical gain is higher due to a larger reduced effective mass.
Although n-type doping is essential to achieve net gain in moderately strained germanium, very high doping concentrations introduce too much free carrier absorption and eventually suppresses optical gain. The dependence of net gain from germanium on the n-type doping concentration is calculated at various injected carrier densities, as shown in Fig. 7 . It can be seen that a range of n-type doping concentrations and injected carrier densities exists for the occurrence of net gain. Generally, doping concentrations higher than 10 19 cm −3 and excess carrier density higher than 10 18 cm −3 are needed. Compared to the doping concentration we used for the modeling before (7 × 10 19 cm −3 ), higher active doping concentrations (but below 2 × 10 20 cm −3 ) lead to an even higher peak net gain and lower threshold excess carrier concentration. In reality, the achievable active doping concentration is limited by the donor solubility, dopant activation, and material processing. The cross section of this 3-D net gain calculation by the zero-net-gain plane gives the threshold boundary surrounding the net gain conditions. This boundary may vary at photon energies other than 0.8 eV, but the general characteristics hold.
Temperature is another factor that affects optical gain and, thus, net gain. The calculated temperature dependence of net gain from 0.25% tensile-strained, 7 × 10 19 cm −3 n-type doped germanium is shown in Fig. 7(a) . Since the bandgap is also temperature dependent, we calculate the net gain always at photon energies 0.04 eV larger than the direct bandgap at each temperature for fair comparison. The photon energy, chosen at 300 K, is 0.8 eV while the direct bandgap (between the direct Γ valley and the light-hole band) is about 0.76 eV under 0.25% tensile strain. The temperature coefficient data of the direct and the indirect bandgap of germanium used in the calculation can be found in [23] .
In Fig. 8(a) , net gain is calculated as a function of injected excess carrier density at temperatures between 200 and 400 K. It can be seen that the threshold injected carrier density for net gain is slightly changed with temperature, while the influence of temperature on the net gain above threshold can be divided into two distinct regions. The net gain increases with temperature between threshold and mid-10 19 cm −3 but it decreases with temperature from mid-10 19 cm −3 to 10 20 cm −3 . This unusual temperature dependence behavior is a result of the direct-gap optical transition in an indirect bandgap material. Besides the bandgap change with temperature, which we already excluded by using the photon energy E ph = E gΓ + 0.04 eV at each temperature, the influence of temperature on direct-gap optical gain in germanium mainly results from two effects: 1) the proportion of injected excess electrons occupying the direct Γ valley and 2) the proportion of the direct Γ valley electrons contributing to the optical gain at a given photon energy. As we can see in the following discussion, the temperature dependence of these two effects is different. Therefore, the competition between these two effects at different injected carrier densities results in two distinct regions.
The proportion of the injected excess electrons occupying the direct Γ valley changes with temperature because the probability of electrons occupying higher energy states in the direct Γ valley is higher at elevated temperatures, following the quasi-Fermi distribution. Thus, this effect causes the increase in optical gain with temperature and explains the temperature dependence of the net gain at relatively low injected carrier densities. This effect is a unique feature of the direct-gap optical transition in an indirect bandgap material, and it also explains the increase of photoluminescence with temperature shown in [4] - [6] .
On the contrary, the second effect, namely the proportion of the direct Γ valley electrons contributing to the optical gain at a given photon energy, increases with the decrease of temperature. This effect is schematically shown in Fig. 8(b) , which exhibits the energy distributions of the injected electron and hole densities at high temperature and low temperature. The carrier density distribution is the multiplication of the (quasi) Fermi distribution with the square root density of states at the band edge. The peak width of the carrier density distribution is proportional to the thermal energy (1.5-2 kT). Therefore, the energy distribution of electrons is narrower at the lower temperature. The area of the carrier distribution curve represents the total excess carrier density that is the same for both temperatures at a given injected carrier density. It means that the peak of the distribution at the lower temperature is higher than that at the higher temperature. The stimulated emission rate at a given photon energy is determined by the available electrons and holes at two energy levels, which are shown by the vertical dotted lines, corresponding to the photon energy. We can see that the carrier densities at these two energy levels are higher at the lower temperature; therefore, the optical gain tends to be higher if the total number of injected electrons in the Γ valley is the same. This effect explains the temperature dependence of the net gain at relatively high injected carrier densities.
IV. SILICON GERMANIUM HETEROJUNCTION LIGHT EMITTERS
A critical advantage of the direct-gap light emission in germanium over many Si-based light-emitting materials, such as Er-doped dielectrics, is the ability of electrical injection of excess carriers. We have recently demonstrated the first Ge/Si heterojunction direct-gap LED [8] . In this section, a more detailed analysis is presented to address some design principles and a comparison with experimental results.
In the Ge LED, as discussed in [8] , the active medium is intrinsic germanium. From the analysis before, we know that germanium has to be doped with n-type impurities in order to enhance the direct-gap light emission efficiency. By replacing the intrinsic Ge with n + Ge, the Si/Ge/Si p-i-n diode becomes p-n-n diode. It should be noted that the junction and the active region do not merely occur near the n + Ge/p + Si interface. The whole Ge region is injected with both excess electrons and holes because of the two adjacent heavily doped p + Si and n + Si regions. The band diagram of a 1-D p + Si/n + Ge/n + Si heterojunction at 0.5 V forward bias is simulated using a finite-element method (FEM), and the result is shown in Fig. 9 . The simulation combines results from semiconductor device simulator SimWindows with our own carrier distribution calculation considering multiple conduction band valleys. The heterojunction used in the simulation is composed of two 1-µm Si layers (only 0.5 µm is drawn) doped p-type and n-type at 1 × 10 20 cm
each, sandwiching a 0.5-µm Ge-layer-doped n-type at 1 × 10 19 cm −3 . It can be seen that both electron and hole injection exist in the whole Ge region indicated by the wide separation of the electron and hole quasi-Fermi levels.
The internal quantum efficiency of this heterojunction can be calculated from the ratio of the direct band-to-band radiative recombination rate in the whole active region to the injected carrier rate. The former rate is calculated by substituting the excess carrier density obtained from the simulated quasiFermi level into the steady-state rate equation, while the latter rate is calculated from the injection current density. The calculated internal quantum efficiency versus forward bias for both a p + Si/i − Ge/nx + Si heterojunction and a p + Si/n + Ge/n + Si heterojunction is shown in Fig. 10 . It can be seen that the EL internal quantum efficiency is improved by over an order of magnitude by substituting intrinsic Ge with n + Ge in the Si/Ge/Si heterojunction. In the p + Si/n + Ge/n + Si heterojunction, internal quantum efficiencies as high as 10% can be achieved, which is very promising for an indirect bandgap material. In the calculations before, we have used a conservative direct band-to-band radiative recombination lifetime of 10 ns derived from the measured direct radiative recombination constant in [10] . The Auger coefficient used in this calculation is 10 −30 cm −6 /s, one order of magnitude higher than reported values for both p-n-n and n-n-p processes [24] , [25] . Therefore, the 10% efficiency shown here is the lower limit of Ge direct-gap light emission, and it is promising for the EL efficiency of tensile-strained n + Ge to reach similar efficiencies as direct-gap III-V materials on Si.
The internal quantum efficiencies of both types of diodes decrease above an effective forward bias of 0.6 V because nonradiative recombination processes, mainly Auger recombination, become significant at high injected carrier densities and start to dominate carrier recombination. This process is also represented by the saturation of the EL intensity. Since the injection current keeps increasing rapidly, the internal quantum efficiency decreases.
To compare with experiments, we also derived the internal quantum efficiency from the experimental results of our Ge/Si heterojunction p-i-n diode reported in [8] . The EL collection efficiency, and thus the internal quantum efficiency, can be calculated by carefully considering the geometry of the measurement setup. A multimode fiber (core diameter of 50 µm) was placed perpendicularly above the LED device (20 µm × 100 µm) top surface to collect the light emission. The air gap between the fiber end and the device surface has to be known to calculate the collection efficiency of the fiber. In the measured EL spectrum in [8] , multiple strictly periodic sharp peaks, resulting from the Fabry-Perot resonance corresponding to the air gap, superimposed the direct-gap emission spectrum. Using the periodicity of these peaks, we precisely determined the distance of the air gap, which is equal to 120 µm. Since the spontaneous light emission escaping from the device surface is completely random and thus angularly uniform, we can obtain the percentage of the light collected by the fiber core area by calculating the solid angle of the core area subtending every point on the device surface. A conservative estimation is to use the same solid angle, which subtends the point right under the center of the fiber core since this solid angle is the largest. With additional Fig. 11 . Calculated EL internal quantum efficiency for a p + Si/n + Ge/n + Si heterojunction versus doping concentrations in the p-type and n-type Si regions at 0.5 V forward bias. The color scheme (from red to blue) represents magnitude of quantum efficiency.
consideration of the transmissivity of the Ge/Si interface, the Si/air interface, the air/silica interface, the total internal reflection effect, and the fiber coupling loss, we calculate that the overall light collection efficiency of the measurement setup is 3.0 × 10 −5 . The optical power detected from the collection fiber is ∼1 nW with an injection current of 50 mA. Using these numbers, the internal quantum efficiency is calculated to be 1 × 10 −3 . The simulated result in Fig. 10 suggests an internal quantum efficiency of 4 × 10 −3 for the intrinsic Ge heterojunction, which is comparable to the measured result. The remaining difference between these two results is contributed by the modal mismatch between free-space emission light and fiber-guided light, and by possible reduced current injection efficiency from parallel conduction path in real diodes.
As can be seen from the aforementioned analysis, a p + Si/n + Ge/n + Si heterojunction is a good choice for carrier injection in doped germanium gain media. High doping concentrations are used in both silicon regions for building larger quasi-Fermi level separation in the junction. For designing a laser device using this type of junction, these doping concentrations are preferred to be lower because the free-carrier-induced optical absorption in heavily doped materials harms the modal gain in the resonator. Fig. 11 shows the effect of doping concentrations in p-type and n-type Si regions on the EL internal quantum efficiency for the p + Si/n + Ge/n + Si heterojunction. It can be seen that the internal quantum efficiency is more sensitive to the change of the doping concentration in the p-type Si region because the Ge region is n-type; therefore, a heavily doped p-Si region is required for sufficient separation of the quasiFermi levels. For a proper heterojunction design, p-Si doped at 5 × 10 19 cm −3 and n-Si doped at 1 × 10 18 cm −3 can be used.
V. CONCLUSION
In this paper, we follow the work in [3] and discuss in more detail the characteristics of the direct bandgap gain in germanium along with some properties and design guidelines of Ge/Si heterojunction LEDs.
The effects of tensile strain and n-type doping on optical gain and net gain in germanium are calculated. It has been shown that with 0.25% tensile strain, which has already been demonstrated in epitaxial Ge on Si, n-type doping is essential to obtain direct-gap net gain in germanium. Net gain of 500 cm −1 can be achieved with an active doping concentration of 7 × 10 19 cm −3 . Direct-gap spontaneous emission, optical gain, and net gain in Ge increase with doping concentration up to 10 20 cm −3 as a result of the indirect valley states filling effect, which was confirmed by a room-temperature direct-gap photoluminescence study. Direct-gap spontaneous emission, optical gain, and net gain also increase with temperature, except at very high excess carrier densities, due to the thermally activated excess electrons from lower energy states in the indirect L valleys to the direct Γ valley following the quasi-Fermi distribution. This behavior has also been observed in the temperature dependence study of direct-gap photoluminescence in germanium. These doping and temperature dependences are unique optical properties of the direct-gap light emission in an indirect bandgap material. The validation of these properties from these experiments is strong evidence supporting our theory of engineered germanium as a gain medium using its direct bandgap transition.
For electrical carrier injection, we study the properties of a p + Si/n + Ge/n + Si heterojunction diode. Internal quantum efficiencies are calculated for both a doped Ge heterojunction (p + Si/n + Ge/n + Si) and an intrinsic Ge heterojunction (p + Si/i-Ge/n + Si). It is shown that the internal quantum efficiency is enhanced by two orders of magnitude by substituting the intrinsic Ge with n-doped Ge. A conservative calculation shows that at least 10% internal quantum efficiency can be achieved from doped Ge heterojunctions. The internal quantum efficiency of the intrinsic Ge heterojunction agrees with the experimentally obtained value from an intrinsic Ge heterojunction LED that we have demonstrated recently. The doping concentrations of both Si regions (n-Si and p-Si) in the Ge/Si heterojunction are also optimized through simulation for low optical loss in silicon without harming the light emission properties.
